Abstract This review provides a synthesis of the work done by our laboratory that demonstrates the presence of cellular immune responses directed towards brain antigens in animals following experimental stroke as well as in patients following ischemic stroke. These responses include both antigenspecific TH1(+) responses, which are associated with worse stroke outcome, and antigen-specific TREG responses, which are associated with better stroke outcome. The likelihood of developing a detrimental TH1(+) response to brain antigens is increased by administration of a systemic inflammatory stimulus in experimental stroke and by systemic infection in patients with stroke. We propose that the microenvironment within the lymph nodes and brain is altered by systemic inflammation and allows for bystander activation of lymphocytes and the development of autoimmune responses to brain antigens following cerebral ischemic injury.
Few therapies are proven to improve outcome after stroke, and the time frame for effective intervention is short. Identification of processes that contribute to disability and are amenable to delayed intervention is needed. It is clear that stroke induces alterations in the immune response, and there is a robust inflammatory response that occurs immediately after stroke which appears to contribute to ischemic brain injury [1] [2] [3] . This response includes the infiltration of leukocytes from the peripheral circulation into the ischemic brain as well as the activation of resident inflammatory cells [4] . For the purposes of this review, we distinguish between the early or innate immune response, which is mediated by neutrophils, monocytes, and lymphocytes not constrained by antigen specificity, and the delayed or adaptive immune response, which is mediated by lymphocytes activated to a specific antigen.
Because the peripheral immune system gains access to the brain following stroke, lymphocytes encounter antigens that are unique to the central nervous system (CNS) [5] [6] [7] [8] . These antigens include intracellular/cryptic antigens from injured neurons and glia. And given that stroke induces compromise of the blood-brain barrier (BBB), dying cells "release" antigens into the systemic circulation, which means that CNS antigens can also be presented to lymphocytes in peripheral lymph nodes as well as brain [9] [10] [11] . The possibility of an autoimmune response developing to brain unique antigens thus exists after stroke. Indeed, the presence of a cellular immune response to myelin basic protein (MBP) and "sensitivity to nervous-tissue antigens" in patients with stroke was documented in the early 1970s [12] [13] [14] [15] . More recently, it has been shown that individuals who experience stroke have higher titers of antibodies to CNS antigens such as neurofilaments and portions of the Nmethyl-D-aspartate (NMDA) receptor [16, 17] . These immune responses are largely considered to occur as an epiphenomenon of cerebral tissue injury; the possibility that such responses have pathological consequences has previously not been addressed. The focus of our research has been to determine if an adaptive (or antigen specific) cellular immune response to brain antigens influences stroke outcome.
One of the most commons ways to measure the cellular response to a given antigen is by ELISPOT assay. Briefly, ELISPOTs are cell-based ELISA assays optimized to detect the secretion of a particular cytokine. For our experiments, the number of lymphocytes secreting interferon (IFN)-γ specifically in response to stimulation with a given antigen (primarily MBP) is used as an indicator of a TH1 response, and the number of lymphocytes secreting transforming growth factor (TGF)-β1 specifically in response to stimulation with the same antigen (MBP) is used as an indicator of a TREG response. The convention that we have adopted is to use the term "TH1" to refer to the ratio between the antigenspecific IFN-γ response and the TGF-β1 response, and the term "TH1(+)" to indicate that a given animal/person has a TH1 response that exceeds a defined threshold. Our initial assumption was that a robust TH1 response to brain antigens would occur following stroke by virtue of the fact that novel brain antigens are exposed/presented to the immune system. To test this assumption, we used a model of severe stroke (3 h of middle cerebral artery occlusion [MCAO]) in Lewis rats, followed by prolonged periods of survival (up to 3 months). Not only was a TH1 type immune response to MBP not seen in these animals following MCAO, the predominant response was more consistent with that of a TREG response characterized by the antigen-specific secretion of TGF-β1 [18] . + cells, after stroke [19] .) Accumulated data demonstrate that the type of immune response that develops after antigen presentation, an effector response (i.e., TH1, TH2, TH17) or a regulatory response (TREG), depends upon the microenvironment at the site of antigen presentation. The brain is enriched with cytokines and neuropeptides that suppress lymphocyte activation [20, 21] . This "immunosuppressive milieu" contributes to the relative immune privilege of the brain. In addition, microglia, the primary antigen presenting cells (APCs) in brain, do not generally express the major histocompatibility complex (MHC) II molecule or the costimulatory molecules needed to activate lymphocytes [22, 23] . Expression of both MHC II and costimulatory molecules, however, can be induced by systemic administration of lipopolysaccharide (LPS) [18, 24] . Capitalizing upon these observations, we found that TH1(+) responses to MBP could be induced in our experimental model by perturbing the system with an intraperitoneal injection of LPS at the time of stroke [18] . LPS is a component of the Gram negative bacterial cell wall and also represents a common pathogen associated molecular pattern (PAMP) that is able to initiate the innate immune response (with upregulation of MHC II and costimulatory molecules on APCs) through activation of toll-like receptors (TLRs) [25] . Endogenous molecules known as alarmins are also able to activate the innate immune response through stimulation of TLRs [26] . Common alarmins include heat shock proteins (hsps), uric acid, S100B, and high-mobility box protein (HMGB)-1. PAMPs and alarmins are collectively referred to as danger associated molecular patterns (DAMPs), and the initiation of the innate immune response by DAMPs can create an environment which facilitates the development of the immune response, including immune responses to self [27, 28] .
Because antigen presentation, lymphocyte activation, and antigen driven lymphocyte proliferation take time (akin to the development of a protective immune response following vaccination with a pathogen), the effects of an antigenspecific TH1(+) response on stroke outcome would not likely be realized for many days after the onset of cerebral ischemia. Additionally, clinical signs of experimental allergic encephalomyelitis (EAE) are generally not seen for 9-10 days after immunization with myelin associated proteins, suggesting that even under conditions optimized for the development of an immune response, adequate amplification of that response to the point where it is of clinical consequence takes many days [29] . In animals with a preexisting pool of MBP-specific TH1(+) cells, it is possible that the cells could contribute to early post-ischemic inflammatory response and affect short-term outcome. Indeed, we previously showed that animals "sensitized" to MBP prior to MCAO had increased short-term mortality [30] . Adoptive transfer of cells specific for myelin oligodendrocyte glycoprotein (MOG) into mice with severe combined immunodeficiency at the time of stroke is also seen to worse stroke outcome [31] .
Our experimental studies have focused on the effect of the adaptive immune response on long-term outcomes from stroke. When examined 1 month after MCAO, animals with a TH1(+) response to MBP display worse outcome than animals without a TH1(+) response [18, 32] . A similar association between TH1(+) responses to MBP and poor outcome is also seen at 3 months after MCAO [33] . In addition to the effects of the TH1(+) response on long-term outcome from the index stroke, the development of CNS autoreactive T cells following stroke could predispose stroke survivors to worse outcome from recurrent strokes. Further, dementia is common after stroke, and it is intriguing to consider the possibility that stroke-induced autoimmune responses lead to chronic lowgrade inflammation and predispose to dementia [34] [35] [36] [37] [38] [39] . Another common clinical occurrence after stroke is that of the "anamnestic recall" of stroke-related deficits. The term "anamnestic recall" describes the transient re-emergence of stroke-related symptoms, usually during a systemic infection, in patients who had recovered from their stroke. It is possible that the inflammatory state associated with systemic infection could activate autoreactive T cells which mediate this transient worsening of neurological symptoms. In an attempt to model the "anamnestic recall" of stroke-related deficits, we found that animals with a TH1(+) response to MBP were more likely to evidence a decline in neurologic function when exposed to either a non-specific inflammatory stimulus (LPS) or the relevant autoantigen (MBP) 1 month after MCAO [40] . The ways in which post-stroke autoimmunity could contribute to the chronic sequelae of stroke are still quite speculative, but our data suggest that the possibility should be considered.
In contrast to the detrimental effects of the TH1(+) response on stroke outcome, TREG responses to these same antigens appear to be neuroprotective. Firstly, deletion of TREG cells prior to stroke is associated with increased CNS inflammation, increased infarct volume, and worse outcome [41] . Secondly, enhancing the endogenous pool of TREG cells that recognize brain antigens as well as vascular antigens, on the other hand, decreases infarct volume and improves stroke outcome [30, 42, 43] . These antigenspecific TREG cells can be induced using the paradigm of mucosal tolerance [30, 42, 43] . Adoptive transfer of lymphocytes from animals "tolerized" to antigens like MBP or myelin oligodendrocyte protein (MOG) to naïve animals at the time of stroke results in better outcome, demonstrating a role for these cells in modulating the response to stroke [42, 44] . The early benefit of antigen-specific TREG cells in experimental stroke is probably due to the fact that the antigen to which these TREG cells react is present at the site of ischemic brain injury and activates local TREG cells to secrete cytokines like interleukin (IL)-10 and TGF-β1 [42, 43] . While these cytokines are secreted in response to antigen-specific stimulation, the cytokines themselves have antigen non-specific effects that modulate the local immune response ("bystander tolerance") [45] . In addition , there is an increase in the number of lymphocytes within the CNS vasculature, and these lymphocytes infiltrate the ischemic brain tissue. Microglia are activated and express increased amounts of MHC II and costimulatory molecules. Antigens released from dying cells can thus be presented to lymphocytes by the microglia, allowing for an immune response to develop to these antigens (the type of response depends upon the local microenvironment, but the bulk of data suggests that a TREG response predominates following stroke). Alarmins (such as HMGB-1 and S100B) released from injured cells also have the ability to activate microglia through TLR signaling. In the setting of systemic infection (c), there may be increased numbers of lymphocytes present within the circulation. PAMPs associated with the infectious agent(s) further activate microglia to express more TLRs as well as more MHC II and costimulatory molecules. This increase in TLR and MHC II expression allows for more successful antigen presentation by the microglia, and the inflammatory cytokines within the local microenvironment favor the development of TH1 responses. Additional cell damage from the immune response leads to increased release of alarmins and further activation of the immune system. This cycle of cell damage and antigen presentation leads to the possibility of "epitope spreading" and generation of immune responses to previously unrecognized antigens to their immunomodulatory effects, both IL-10 and TGF-β1 appear to be directly neuroprotective, suggesting another potential mechanism for improving stroke outcome [46] [47] [48] . Recent data also highlight an important protective role of IL-10 secreting regulatory B cells following stroke [49] . Of potential therapeutic interest, we showed that pre-ischemic induction of MBP-specific TREG cells could prevent the LPS medicated induction of MBP-specific TH1 cells [33, 50] . Infection is common in the immediate post-stroke period and occurs in up to 20% of patients with stroke [51] [52] [53] [54] [55] [56] [57] [58] . The administration of LPS to animals during MCAO is thus a clinically relevant model in that it mimics post-stroke infection. The risk of infection is greatest among patients with the most severe strokes, which is in part related to the fact that ischemic brain injury induces a systemic "immunodepression" that is most profound in patients with severe stroke [59] [60] [61] [62] [63] [64] [65] [66] . Post-stroke infection also portends poor outcome from stroke, and its effect on outcome is independent of both stroke severity and age [51, 67, 68] . Urinary tract infections (UTIs) and pneumonias (PNAs) are the most common infections in the post-stroke period, but the association between PNA and increased disability and mortality is more robust than that for UTI [51, 67, 68] . The mechanisms by which infection confers worse outcome are unclear, but our data demonstrating that LPS (a component of the Gram-negative bacterial cell wall and thus an infection "mimic") increases the likelihood of developing a TH1(+) response to MBP, which is associated with worse outcome, may provide a clue.
In an attempt to validate our laboratory findings in the clinical setting, we evaluated whether patients who developed infection in the immediate post-stroke period would be more likely to develop a TH1(+) response to brain antigens. In an observational study where 25% of patients developed infection in first 15 days after ischemic stroke, we found that PNA (but not UTI) was associated with an increased likelihood of developing a TH1(+) response to both MBP and glial fibrillary acidic protein (GFAP) [69] . In fact, patients with PNA were nearly five times more likely to develop a TH1(+) response to MBP than patients who remained infection free. Increasing stroke severity was also predictive of developing a TH1(+) response to MBP [69] . Because stroke severity was the most important predictor of infection in this cohort of patients, it is difficult to untangle the relative contributions of each to the observed autoimmune response to MBP [70] . More robust TH1 responses to MBP were associated with worse outcome from stroke independent of initial stroke severity, however, thus arguing for a uniquely detrimental role of the immune response [69] . Whether the immune response to MBP is responsible for the worse outcome or is merely a marker for an immune response to another antigen is unknown. Even if the immune response was initially directed towards MBP, it is possible that an immune response to an entirely different antigen is responsible for the effect on stroke outcome. Ongoing tissue injury associated with inflammation continually exposes new antigens to the immune system, allowing for recognition of these new antigens by lymphocytes, and the activation of these lymphocytes is facilitated by the inflammatory milieu in the local environment. The sequential change in the target of the immune response is known as "epitope spreading," and this phenomenon can result in different peptides within a protein or an entirely different protein being recognized by the immune system. Figure 1 depicts our model to explain lymphocyte activation in the brain following stroke; a similar scenario likely plays out in peripheral lymphoid organs.
In the experimental stroke model used in our laboratory, we find little overlap in the immune response to CNS antigens The TH1 responses to MBP in those patients without a TH1(+) response at 90 days are similar at all time points (b) between the mononuclear cells isolated from brain and those isolated from spleen 1 month after MCAO [32] . Recent data highlight the fact that the immune response is locally regulated and compartmentalized, and this regulation is dynamic and changes over time [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . In an observational study of patients with ischemic stroke, we found that the immune response to MBP at 90 days after stroke onset was associated with worse outcome at 90 days after stroke onset [69] . It is important to note, however, that the response to MBP in these individuals was not static. Figure 2 shows the TH1 response to MBP over time for those patients who had a TH1(+) response at 90 days (a) and those who did not (b); the increased TH1 response to MBP at 90 days does not persist indefinitely. The fact that catastrophic autoimmune injury is not seen in patients with a TH1 response to MBP and that the degree of the TH1 response to MBP decreases over time suggests that endogenous immunomodulatory mechanisms are at play. This hypothesis is supported by the fact that the standard models of experimental allergic encephalomyelitis usually cause a monophasic illness and that the numbers of myelin-specific TH1 type cells in these animals decline over the course of time [77, 81] .
As mentioned, cerebral infarction induces a "depression" in the systemic immune response that appears to be sympathetically mediated [82, 83] . A teleological explanation for this immunodepression is that it prevents the development of autoimmune responses to brain following stroke. Stroke severity is the greatest driver of this immunodepression [61, 62] . Indeed, we found that animals exposed to a shorter duration of ischemia (2-h MCAO) had more robust TH1 responses to brain antigens than animals exposed to a longer duration of ischemia (3-h MCAO; Fig. 3 ). As a consequence of this post-stroke immunodepression, however, there appears to be an increased risk of infection [62, 82, 84] . We believe that infections occurring in the setting of immunodepression lead to an inflammatory response that is sufficient to allow for "bystander activation" of lymphocytes to brain antigens (Fig. 4) . In addition, the death of astrocytes, oligodendrocytes, and neurons exposes new and cryptic (intracellular) antigens to the immune system. With ongoing tissue injury related to these immune responses, new antigens are constantly exposed, leading to the possibility of "epitope spreading".
In summary, our findings demonstrate that development of a TH1 response to brain antigens (particularly MBP) is associated with worse outcome from both experimental and clinical stroke and that the likelihood of developing such a response is increased by systemic administration of LPS or systemic infection (primarily PNA). The development of TH1 responses to brain antigens provides a plausible explanation why individuals who develop infection after stroke are at increased risk of disability and death. More importantly, the recognition of this phenomenon suggests that modulation of the post-ischemic immune response might provide an attractive target for delayed stroke therapy. [85] . Stroke-induced changes in the immune response associated with severe stroke prevent the development of autoimmune responses to brain antigens but predispose to infection. The inflammatory response associated with infection overrides the systemic immunodepression and creates an environment that can support the successful activation of the immune response to self-antigens
